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Introduction 71
Host-parasite relationships, seen in protozoa and symbiotic bacteria, provide 72 insights into the establishment of parasitism, co-evolution, and pathogenesis [1] . 73
Free-living amoebae, such as Acanthamoeba, a representative protozoan, are readily 74 isolated from a wide range of natural environments, such as soil or river water [2] [3] [4] . 75
Interestingly, bacterial endosymbionts, in particular environmental chlamydiae, are 76 sometimes found within these amoebae, although further research is needed to examine 77 their role in pathogenesis of disease [5] . To investigate such symbiotic features, we 78 isolated several environmental amoebae harboring endosymbiotic environmental 79 chlamydiae, including Neochlamydia, Protochlamydia or Parachlamydia, from Sapporo, 80
Hokkaido, Japan [6] . Chlamydiae are divided into pathogenic and environmental 81 species, and both types of chlamydiae implement a unique intracellular developmental 82 cycle consisting of two distinct forms, the elementary body (EB), which is the infectious 83 form to the host cells, and the reticulate body (RB), which is the replicative form within 84 cells, which enters into the surrounding plasma membrane to form the so-called 85 inclusion body [7] . Accumulating studies of pathogenic chlamydiae have demonstrated 86 100%, but lacks transferability to other host amoebae [6] . Second, the aposymbiotic 95 amoebae (S13RFP amoebae) grow well when compared with the symbiotic amoebae 96 [10] . Last, the endosymbiont has a critical role for host amoebal defense against 97
Legionella infection [11] . Investigation of this particular endosymbiotic relationship 98 may therefore give us insights into not only the biological aspects of endosymbiosis, but 99 also a mechanism for eliminating intracellular pathogens. Legionella pneumophila, the 100 causative organism of Legionnaires' disease, encodes two virulence-associated type IV 101 secretion systems (T4SSs), the Dot/Icm type 4B (T4BSS) and the Lvh type 4A (T4ASS) 102 [12] . In particular, T4BSS has a critical role in Legionella replication in host cells, both 103 amoebae and macrophages [13, 14] . Furthermore, it has been reported that Legionella 104 effector proteins disrupt host cytoskeletal structure by cleaving actin and inhibiting actin 105 polymerization [13, 14] . It is possible that when Legionella enters the amoeba, the 106 amoebal symbiont Neochlamydia could sense some Legionella elements, such as type 107 IV secretion systems or effector molecules, subsequently protecting actin, resulting in 108 defense against infection. 109
In the present study, we therefore explored the defense mechanism by using 110 morphological analysis with confocal laser scanning fluorescence microscopy and 111 transmission electron microscopy, proteome analyses with two-dimensional 112 Symbiotic S13WT amoebae harboring Neochlamydia eS13 and aposymbiotic 122 amoebae established by treatment with rifampicin (RFP; 64g/ml) (S13 RFP amoebae) 123
were used for this study [6, 10] . Neochlamydia eS40CH symbiotic amoebae (S40CH 124 amoebae) isolated from soil [6] were also used for this study. Although the S40CH 125 amoebae were originally infected with two phylogenetically different bacterial 126 endosymbionts, Neochlamydia eS40 and an endosymbiont belonging to 127 α-Proteobacteria [6] , the latter endosymbionts were readily eliminated from the S40CH 128 amoebae after incubation at 4 C. An amoeba strain (Acanthamoeba castellanii C3 129 ATCC 50739: C3 amoebae), purchased from the American Type Culture Collection 130 (ATCC) (Manassas, VA, USA), was used as a reference strain. These amoebae were 131 maintained in peptone-yeast extract-glucose (PYG) medium at 18 °C until use, 132 according to published protocols [6] . were used [15, 16] . All the bacteria were genetically modified to carry a 139 GFP-expressing plasmid for ease of visualization. The bacteria were cultured on B-CYE 140 agar (OXOID) at 37 °C for 2 days. Parachlamydia Bn 9 (ATCC VR-1476) was 141 purchased from ATCC. The bacteria were propagated and stored at -80°C until used according to methods described previously [17] . Also, Mimivirus Kasaii, isolated from 143 the mouth of the Arakawa River, which is close to Kasai Rinkai Park in Tokyo [18] , was 144 used for this study. The virus was propagated in C3 amoebae, and the supernatant of in PYG medium, the experiments with these Legionella strains were performed at an 154 artificially high MOI (10,000). 155 TEM: Amoebae (S13WT, S13RFP) (2.0 × 10 3 cells/well) were incubated in PYG with 156 JR32 (without GFP) (MOI 1) for 2 h at 30 °C, then free bacteria were killed by the 157 addition of gentamycin (50 µg/ml). After washing with PYG medium, the infected 158 amoebae were incubated in the medium for 24 h at 30 °C, and then the amoebae were 159 collected for TEM. 160 Uptake of Legionella: Amoebae (S13WT, S13RFP, C3, S40CH) (2.0 × 10 4 cells/well) 161
were incubated in PYG with Lp01 or Lp02 (MOI 10,000) for 2-18 h at 30 °C, and then 162 free bacteria were killed by the addition of gentamycin (50 µg/ml). After washing with 163 PYG medium, the infected amoebae were incubated in the medium for up to 3 days. 164
The number of amoebae that ingested Legionella was estimated under a conventional 2D-DIGE: Amoebae (S13WT, S13RFP) (2.0 × 10 6 cells/well) were incubated in PYG 167 with JR32 (MOI 5) for 2 h at 30 °C, and then free bacteria were killed by the addition of 168 gentamycin (50 µg/ml). After washing with PYG medium, the infected amoebae were 169 incubated in the medium for 24 h at 30 °C, followed by collection for 2D-DIGE. 170 DNA microarray: Amoebae (S13WT) (1.0 × 10 6 cells/well) were incubated in PYG with 171 JR32 (MOI 1), JR32 (MOI 1), Lp01 (MOI 10,000), or Lp02 (MOI 10,000) for 2 h at 172 30 °C, and then free bacteria were killed by the addition of gentamycin (50 µg/ml). 173
After washing with PYG medium, the infected amoebae were incubated in the medium 174 for 20 h at 30 °C, followed by collection for DNA microarray (total RNA preparation). The phagocytic activity of amoebae with GFP-expressing E. coli was assessed. In 179 brief, each of the amoebae (S13WT ameobae, S13RFP amoebae, C3 amoebae) (5×10 6 180 cells/well) were cultured with the bacteria (approximately 5×10 8 ) at MOI 1,000 in PAS 181 at 30°C. At 48 h after incubation, amoebae were observed under a fluorescence 182 microscope. Also, S13WT amoebae (5×10 5 ) were incubated with Parachlamydia Bn 9 at 183 MOI 4 in PYG for 1 h at 30 °C. After washing, the amoebae were cultured at 30 °C for 184 2 days, and then the amoebae were spotted onto slides and fixed with 70% ethanol. 185
After fixing, the amoebae were stained with anti-Parachlamydia antibody for 2h. After 186 washing, the amoebae were stained with FITC-conjugated anti-rabbit antibody (Sigma) 187 for 1 h, and then the amoebae were observed with a fluorescent microscopy (Olympus).
(S13WT ameobae, S13RFP amoebae, C3 amoebae) (1×10 6 (Hitachi H7100; Hitachi, Tokyo, Japan) as described previously [6] . TEM revealed that after Legionella entry the bacteria grew similarly in S13WT and 247
S13RFP amoebae 248
First, we wished to see if morphological analysis by confocal laser scanning 249 fluorescence microscopy and TEM could provide any insight into the mechanism that 250 could eliminate Legionella from S13WT amoebae. As a result, confocal laser scanning 251 fluorescence microscopic observation revealed that although the prevalence of 252
Legionella infection was very low in S13WT amoebae compared with S13RFP amoebae 253 (data not shown), the GFP clusters, showing the growth of GFP-expressing Legionella 254
Lp01 (T4ASS -/T4BSS + /Tra + ) inside amoebae, were similar in both S13WT and S13RFP 255 amoebae (Fig. 1A) . TEM analysis of amoebae infected with the Legionella JR32 strain 256 (T4ASS + /T4BSS + /Tra -) also showed that, corresponding to the observation of confocal 257 laser scanning fluorescence microscope, growth and morphology of the bacteria was 258 normal in both infected S13WT and uninfected S13RFP amoebae (Fig. 1B, upper  259 images); the enlarged images also showed that bacterial disruption was minimal ( result, in contrast to amoebae not carrying the endosymbiont (S13RFP and C3 amoebae), 270 few fluorescent clusters were observed in S13WT amoebae infected with Lp01, 72 h 271 after infection ( Fig. 2A) . Additionally, clusters of Lp02, which lack T4BSS, were seen 272 in S13RFP and C3 amoebae immediately (6h) after infection, in contrast to S13WT 273 amoebae ( Fig. 2B) , which did not exhibit fluorescent clusters at any point after infection. 274
We also confirmed that, in contrast to S13RFP and C3 amoebae, the number of 275
Legionella CFU in S13WT amoebae was minimal even 3 or 4 days after infection, 276 supporting a defect of phagocytosis in S13WT amoebae (Fig. 2C) . A delay in 277 phagocytosis is another possible explanation. To test this possibility, we assessed if the 278 number of GFP clusters observed after Legionella ingestion altered depending on 279 incubation time before the treatment with gentamycin. When compared to other 280 amoebae, the number of clusters seen in S13WT amoebae were minimal regardless of 281 the incubation time ( Fig. 3 ), suggesting that the reduced rate of infection was not due to 282 a delay in phagocytosis. Thus, taken together, the results indicated that the S13WT 283 amoebae have a defect in phagocytosis, resulting in minimal ingestion of Legionella. 284
In addition, we also confirmed if the defect on the phagocytosis of S13WT GFP-expressing E. coli, Parachlamydia Bn 9 , and Mimivirus Kasaii. As a result, similar 287 to aposymbiotic S13RFP amoebae, S13WT amoebae normally ingested the E. coli (Fig.  288   4A) . Also, Immunofluorescence staining with anti-Parachlamydia polyclonal antibodies 289 that the Parchlamydia could infect to S13WT amoebae (Fig. 4B) . Furthermore, the 290 co-culture of amoebae (S13WT amoebae, S13RFP amoebae, C3 amoebae) with the 291
Mimivirus obviously induced amoebal lysis regardless of amoebal strains until 60 h 292 after incubation, indicating the virus replication (Fig. 4C) . Thus, the results indicated 293 that the defect on the phagocytosis of S13WT amoebae was likely specific to Legionella 294 infection. 295 296
Proteome analysis with 2D-DIGE and LC/MS revealed that, in contrast to S13RFP 297
amoebae, Legionella didn't disrupt actin of S13WT amoebae harboring Neochlamydia 298 eS13 299
It has been reported that Legionella effector proteins disrupt host cytoskeletal 300 structure by cleaving actin, thus inhibiting actin polymerization [13, 14] . This suggests 301 that in contrast to S13RFP amoebae, Legionella exposure should induce little disruption 302 of actin in S13WT amoebae. To confirm this, protein profiles of S13WT and S13RFP 303 amoebae infected with Legionella JR32 were comprehensively compared by proteome 304 analysis with 2D-DIGE and LC/MS. The 2D-DIGE gel images showed that the 305 densities of several major spots from S13RFP amoebae were obviously decreased 306 compared with those from S13WT amoebae (Fig. 5A , See gel images). Subsequent 307 LC/MS analysis revealed the spots to be actin (Fig. 5A, See spot matched proteins) . 308
Meanwhile, the influence of Legionella infection on the protein profiles of S13WT 309 amoebae was minimal (Fig. 5B) . Thus, as expected, these results supported the hypothesis that Legionella entry to S13WT amoebae was reduced in the presence of 311 Lp02 (T4ASS -/T4BSS -/Tra + )] [13, 14] . Regardless of Legionella strain, no difference 321 between gene expression patterns of Neochlamydia eS13 in amoebae infected with each 322 of the Legionella strains was observed ( Fig. 6) , indicating that because of a minimal 323 ingestion of Legionella the Neochlamydia could not sense Legionella T4SSs inside the 324 amoebae Thus, the results supported our hypothesis regarding Legionella failure to 325 enter the S13WT amoebae depending on the presence of endosymbiont Neochlamydia 326 eS13. All microarray data are deposited in Table S1 . 327 328 329
Discussion 330
Legionella, the causative agent of Legionnaires' disease is known to inhabit 331 free-living amoebae such as Acanthamoeba. Interestingly, the symbiotic amoeba 332 (S13WT), originally isolated from environmental soil, harboring obligate intracellular 333 symbiont Neochlamydia eS13 is resistant to Legionella infection, and it has been previously shown that the endosymbiont plays a critical role in this process [11] . Here, 335 we investigated the defense mechanism in this system, and for the first time showed that 336 the presence of symbiotic Neochlamydia eS13 could be responsible for preventing 337
Legionella entry, resulting in subsequent resistance to Legionella pneumoniae infection. 338
Accumulated studies have showed that Legionella invades host cells, both human 339 cells and protozoa, by exploiting host cellular cytoskeletal proteins such as actin, 340
indicating that entry of Legionella to the host cells is critically dependent on 341 phagocytosis via an actin-mediated process [13, 14] . Therefore, we initially speculated 342
that Neochlamydia eS13 might block the process of actin modification implemented by 343
Legionella. Surprisingly, the results indicated that in contrast to the S13RFP amoebae, 344 that do not carry the endosymbiont, Legionella failed to enter the S13WT amoebae 345 because of a defect in phagocytosis, resulting in partial resistance to Legionella 346 infection. Meanwhile, since poor phagocytosis by SW13 amoebae was not seen with 347 FITC-latex beads [10] or GFP-expressing E. coli, this is likely a Legionella-infection 348 specific defect. At present, the mechanism by which the defect in Legionella 349 phagocytosis functions remains unknown. Interestingly, it has been reported that a 350 specific event referred to as coiling phagocytosis is required for entry of Legionella to 351 host amoebae. Coiling phagocytosis, where Legionella is engulfed by processes 352 extending from the host membrane, is dependent on actin processing [20, 21] . Therefore, 353 it is likely that the host amoebal surface structure may be changed depending on the 354 presence of Neochlamydia eS13. 355
While the entry of Legionella was severely limited by the phagocytosis defect 356 caused by the presence of Neochlamydia eS13, the amoebae were defenseless against (See Fig. 1B, TEM images) . In fact, the DNA microarray data suggest that 359 Neochlamydia eS13 could not sense virulence-associated T4SSs of Legionella inside 360 host amoebae. Meanwhile, the presence of symbionts has been shown to be a hindrance 361 for host amoebae, as growth is more active in the absence of symbionts [10] . In the face 362 of this burden, why the host amoebae allow the symbionts to survive remains unknown. 363
Many predators, including bacteria (such as Pseudomonas, Francisella, Simkania, and 364
Parachlamydiae, as well as Legionella) [22] and giant viruses (such as Mimivirus) [23] , 365 which co-inhabit the natural environment of amoebae, prey upon protozoa. However, as 366 expected, our data showed that the symbiotic amoebae harboring Neochlamydia eS13 367 easily allowed the growth of Parachlamydia Bn 9 and replication of giant viruses 368 (Mimivirus Kasaii), indicating that symbionts do not provide general protection from 369 predation. 370
Analysis of the Neochlamydia transcriptome in host amoebae infected with 371
Legionella with distinct genetic backbones, aimed to determine a Neochlamydia 372 response to various components of Legionella. However, this analysis revealed that the 373 Neochlamydia did not respond specifically to the products of the T4SSs [T4ASS (Lvh) 374 and T4BSS (Dot/Icm)] tested, both of which are critically important for survival of 375 Legionella in human macrophages or amoebae [12] [13] [14] . Meanwhile, it couldn't deny 376
that Neochlamydia responded to general bacterial components of Legionella such as cell 377 wall or LPS, rather than T4SSs. Alternatively, it is possible that Neochlamydia can sense 378 the presence of bacteria outside host amoebae through bacterial general components 379 such as LPS or peptidoglycan, presumably required for maintaining the homeostasis of 380 host amoebae. 381
In conclusion, we show here for the first time that the presence of symbiotic S13WT_Lp01, S13WT amoebae infected with Lp01 Legionella. S13RFP_Lp01, 485 S13RFP infected with Lp01. Green, GFP-expressing Legionella. Blue, DAPI. B: the 486 ultrastructure of Legionella-infected amoebae (JR32: T4ASS + /T4BSS + /Tra -) was 487 observed under a TEM. Squares indicate regions enlarged below. S13WT_JR32, 488 S13WT amoebae infected with JR32. S13RFP_JR32, S13RFP amoebae infected with 489 JR32. Bars, 2 μm. T4BSS -/ Tra + [12] [13] [14] . 537
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